This paper describes the long-term shorelines variability of Cox's Bazar coast which is located south-east part of Bangladesh in terms of spatial and temporal over a period of 40 years. Recently the coast is experiencing severe erosion and it is becoming more vulnerable in some specific location. The spatial and temporal variability of the shorelines position is split by Empirical Orthogonal Functions (EOFs) decomposition. The result of EOF analysis shows the first five modes explains 86% of the variance and the recent erosion problem may have some relation with the variation around the Reju Khal area. The dominant modes of shoreline variability were correlated with the wave energy flux components estimated by MIKE21 SW model. The large variation around the Reju Khal may be due to longshore sediment movement, and the erosion problem at Marine Drive Road may have some connection with a growing spit.
INTRODUCTION
The study area is located on the south-east coast of Bangladesh, Cox's Bazar (Fig.1) , which is the longest uninterrupted natural sandy beach in the world. It is bounded on the west by the Bay of Bengal and on the north by Moheskhali Channel. The natural drainage system of the study area is characterized by number of seasonal and intermittent tributaries locally known as 'Khal'. Reju Khal is one of the important channel and located at around x = 20 km, where x calculates along the x-axis in Fig.1 . The northern part (between x= 0 km and 2 km) of the shoreline shows continuous accumulation. The major commercial part of the beach is located between x=3 km and x=6 km, therefore, it has become the country's most attractive tourist spot.
The overall shoreline seems stable along the Cox's Bazar coastline. However, recently the coast is experiencing severe erosion and it is becoming more vulnerable in some specific location. A 24 km long road, Marine Drive Road (between x=6.3 km to x=27 km), along the coast was built to promote tourism opportunity, facilitate fishing industry, harness more natural resources and to set up a part of regional highway. The road construction was started during 1993-94 and completed in 2008. Soon after completion of the construction, some of part of this road has experiencing severe erosion. Due to heavy erosion, the initial 2 km of the road had fallen into disuse at Kalatali (between x= 6.5 km and 8 km), and another part of erosion area is located at Himchari area (between x=13 km and x= 16.5 km). The key goal of this study is to analyze the long-term shoreline variability in terms of temporal and spatial aspects and to discuss possible mechanism of the erosion.
In order to identify morphological patterns from shoreline data, statistical methods have been widely used. Empirical Orthogonal Functions (EOFs) have been proved to be one of the most successful in characterizing the nearshore environment. Analysis of shoreline EOF modes allows us to obtain a better understanding of the shoreline variability at different temporal and spatial scales 1) and is applied in this study.
The main objectives of this paper are: i) Decompose the 40-year shoreline position in to spatial and temporal variability; ii) Estimate the wave energy flux components simulated by MIKE21 SW model; and finally iii) Examine the relation between the modes of variability and the wave energy flux components and discuss possible reasons. 
SHORELINE EXTRACTION AND EOF ANALYSIS
In the study area, fourteen cloud-free scenes of Landsat imagery (Table 1) were acquired from the year 1972 to 2012 from the Earth Explorer database of the USGS (http://glovis.usgs.gov/). This study focuses on the shoreline detection from a single band. Experience has shown that the band 7 of Landsat MSS 2) and band 5 of Landsat TM and ETM 3) are suitable for extracting the land-water interface. So the both near-infra bands were adopted in this study. The separation of land surface from water bodies can be easily identified from visual inspection. Geo-registration was done to adjust the geographic position of the images. Then all shoreline was digitized manually from all the images. Moreover, a tidal correction has done for the all shorelines assuming the slope of the beach area (1: 80). Shore positions relative to a fixed shore-parallel baseline (x-axis in the Fig.1 ) at 722 transects spaced at 100 m interval are extracted. Figure 2 shows the time stack Landsat images near the Reju Khal mouth from the year 1995 to 2012. It is clearly seen that there is significant change at Reju Khal mouth from 1995 to 2000 and a wave shaped sand deposition is observed in 2000 at the river mouth (red circle). After 2000 to 2012, the sand deposition is extending to the northward and transformed like a sand spit.
On the other hand, the coast in front of Marine Drive Road (15< x < 16.5 km) was eroded during , and then this part was accumulated upto 2012 due to growing sand spit reached to this location. However, erosion became severe further north of sand spit and was continuing further north (upto 13 km). The erosion area is migrating to the northward, and this may be the forerunner of growing sand spit to the same direction.
Prior to the EOF analysis, basic statistical properties including the mean, range, and standard deviation were calculated, where the range was defined as the envelope of shoreline positions occupied at each profile location over the duration of the study. Small standard deviations and narrow ranges identify stable regions, while large standard deviations and wide envelopes are associated with regions of high variability. The mean shoreline profile with standard deviation is presented in Fig.3 , indicating relatively large shoreline changes at the northern end (x=0 km) as well as around the rive mouth of Reju Khal (x=20 km). Variations of the shoreline in the rest of the area (x > 30 km) are relatively small which is indicating stable beach condition.
Analysis of shoreline EOF modes allows us to obtain a better understanding of the shoreline variability at different temporal and spatial scales. EOF analysis involves decomposing a set of data into independent functions of space and time. In the EOF, the shoreline variabilities can be expressed as follows:
where ) , ( t x y denotes the shore position in time and space, n is the number of data, C k (t) is the temporal eigenfunctions, and e k (x) is the spatial eigenfunctions. Empirical Orthogonal Function analysis was then used to identify dominant patterns of variability within the data set.
In this study, the EOF analysis was performed on the demeaned data (the mean value of shoreline is removed) as we only focus on the shoreline variability. The result of EOF analysis shows the first five modes explains 86% of the variance. Fig.4 shows the spatial and temporal distribution of the shoreline positions of the dominant modes upto x=30 km as the large variation and erosion area is covered upto that distance. We have tried several combinations of the modes by trial and error to identify a growing sand spit near the Reju Khal area. We finally found the combination of the last four modes into 2 groups: i) Combined Mode 2 and 3 and ii) Combined Mode 4 and 5, are suitable for direction of the extended sand spit.
The first mode accounts for nearly 49% of the observed variance in shoreline position as shown in Fig.4(a) . A large variation was observed near the north end (x= 0 km to 2 km) of the shoreline that shows huge accumulation near the north end. This accumulation may be due to sediment deposition by Moheskhali Channel and longshore sediment flux towards the north. Some previous studies also show that the sedimentation is going on both sides of the channel downstream 4) 5) .
Inspecting the time and space functions of Mode2 (15%) and Mode3 (10%), we discuss the combination of these two modes, which is shown in Fig.4(b) . Large variation was found around x=20 km. Sand deposition (Fig.4(c) ) shows a periodic change in shoreline near north of the Reju Khal mouth.
WAVE ENERGY FLUX AND IT'S RELATION TO SHORELINE VARIABILITY
Wave actions are closely related with the shoreline variability. In order to determine the relation between the incident waves and the shoreline variabilities, wave height distributions within the study area were computed by MIKE21 SW model. MIKE21 SW is a new generation spectral wind wave model, based on unstructured meshes, and is developed by Danish Hydraulic Institute. The model simulates growth, decay, and transformation of wind generated waves and swells in offshore and coastal areas 6) .
The model domain covers the first 30 km longshore distance from x= 0 km. We keep high resolution mesh near the nearshore zone area. The bathymetric data used for this model came from two sources: General Bathymetric Chart of the Ocean (http://www.gebco.net/) gridded data and local survey data. The GEBCO_2014 Grid product is used which is a continuous terrain model for ocean and land with a spatial resolution of 30 arc seconds. The local survey data collected from Roads and Highway Department (RHD) of Bangladesh. Local survey data were used for the nearshore zone area and the other deep area were covered by GEBCO data. The resultant interpolated bathymetry from the two data sources is shown in Fig.5 . Offshore boundaries are over water with depth about 36 m in longshore direction. Wave data provided by ECMWF ERA-Interim archive (http://www.ecmwf.int/) were used for offshore boundary conditions. The wave computations were performed over 33 years , and growth and decay of the waves due to local wind were not considered.
The wave components (wave height, period and direction) were extracted from the closest grid point near the shoreline from the numerical result and each components of wave were averaged over approximately 90 days. Then the local long-shore and cross-shore wave energy fluxes were calculated using the averaged wave components. The formulas are given by
Long-shore energy flux, P l =H 2 T sinα cosα (2) Cross-shore energy flux, P c =H 2 T cos 2 α
where H and T denotes the averaged wave height and period which is not at breaking point, and α the wave approaching angle relative to the local shore normal. Here, α is estimated with the mean shoreline, and change of shoreline configuration is not considered. Since the wave properties are estimated at the closest grid point near shoreline, it is not always in the breaking zone. A positive (negative) value of longshore wave energy flux, P l indicates that sediments may be transported toward the south (north). The longshore energy flux was then averaged over the time and space as follows:
where T x (33 years) is the duration of the wave simulation, L x (25.8 km) is the longshore length of the shore. The main panels of Fig.6(a) and (b) show the temporal averaged longshore wave energy flux, and the temporal averaged wave energy flux, respectively. The periodic variation of is due to seasonal variations of the wave angle.
All the items are shown up to x=25.8 km, since the variations were small in further south. The distribution of indicates the majority of sediments may have transported towards the north in the area. Moreover, the variation of suggests that there was no distinct trend in the wave climate in this period.
According to the One-line Theory 7) , the shoreline changes are related to the gradient of longshore sediment flux. If the gradient of sediment flux is negative (positive), then the shoreline will accumulate (erode). The dependence of the shoreline on the wave climate can be checked by comparing shoreline change rate, dy/dt and the spatial gradient of longshore energy flux P l , which is regarded as a proxy of longshore sediment flux:
where y is the shoreline position, t is the time. The application of Eq. (6) will be discussed by estimating shoreline change rate over 34 years , and the spatial gradient of . . It is clearly seen that shoreline change rate is high at northern end (x=0 to 2 km) as well as at north of Reju Khal mouth (15< x< 20 km). The relation between dy/dt and gradient of energy flux at Reju Khal area (16<x<20 km) seems to satisfy the Eq. (6), which indicates the variation around this area can be explained from longshore sediment movement. However, there is a poor relation found between two items at the northern end which indicates longshore sediment movement is not solely responsible for the accumulation in that area. Now we will mention on shortcoming of the analyses. According to Mode 2 and 3 from EOF analysis (Fig.4(b) ), we found a sand spit is growing to northward direction from Reju Khal mouth during the year 2000 to 2012. The acute erosion problems experienced along the Marine Drive Road at Himchari area is expected to be related to this sand spit growth, however, this is not explained from the wave analysis as the wave climate has no significant trend during this period.
Further, the Reju Khal channel may carry sediment from upstream that may change the morphology of that area which is not considered in the present analysis. In Mode 1, we found huge accumulation in the northern end of the coastline which was not explained from wave analysis. Moheskhali Channel may also bring sediment from upstream that may be accumulated this area. Further analyses on sediment source are necessary.
CONCLUSION
Analysis on shoreline variability of Cox's Bazar coast has been performed in this study by utilizing Landsat images which have been taken for 40 years. The spatial and temporal variability of the shoreline positions is split by Empirical Orthogonal Functions decomposition. The result of EOF analysis shows the first five modes explains 86% of the variance. From Mode 1, a large variation was observed near north end and rest of the variations found at Reju Khal mouth derived from Mode 2 and 3. According to wave analysis, shoreline change rate around the Reju Khal area is connected qualitatively with the longshore sediment movement. On the other hand, accumulation at the northern end is not clearly explained by longshore sediment movement due to poor relation between shoreline change rate and gradient of temporal averaged longshore energy flux. The recent erosion problem along the Marine Drive Road may have some connection with a growing spit at Reju Khal mouth which is not explained by the results of wave analysis. Further work is necessary to understand the dynamics of sediment motion near the Reju Khal area to find reason behind the sand spit accumulation. Other factors (river sediment rate, rainfall etc.) may have also contribution to this variability which is not consider in this study.
ACKNOWLEDGMENT:
The authors would like to thank MEXT to give scholarship and also thank DHI, Japan for the MIKE21 SW model support. 
